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Large-eddy-simulation approach in understanding flow structures of 2D turbulent density currents over sloping surfaces 1. Introduction Density currents belong to a class of buoyancy-driven flows that characterize circulation and mixing in environs like: confluence sites of fresh water bodies, marine environments adjacent to the shore, and off-shore incidents of crude oil-spills to name a few. When fluids of disparate densities interact under uniform gravitational field the density gradient generates a buoyant force that manifests in the form of an advancing front which propagates into the ambiance. Depending on the intruding and the ambient fluids we can encounter either top or bottom propagating density currents. Both families of density currents enclose similar fluid physics. However, in this study we limit our scope to the bottom propagating density currents. Most of such occurrences are encountered over sloping terrains, such as dense overflows in the ocean (the Denmark Strait, the Faroe Bank Channel, and the Baltic Sea).
The problem has been studied via generation of dense currents from continuous buoyancy source (Saunders 1990 , Dickson and Brown 1994 , Kase et al 2003 , Mauritzen et al 2005 , Arneborg et al 2007 . On the other hand, density currents resulting from finite volume release have been studied via lock-exchange (L-E) apparatus. L-E has drawn considerable attention in the literature (Linden 1973 , Simpson 1982 , Simpson 1997 .
Full-release L-E experiments, that simulate bottom propagating density currents, involve a partitioned channel of total length L x . Within the channel, finite volume of dense fluid occupies a small compartment of length L and height (which is also channel height) H. This compartment is referred as the Lock. Therefore, L is identified as lock-length and H. is identified as lock-height. The rest of the channel is filled with a fluid of relatively lower density. On the release of the lock, the dense fluid plummets to the bottom and begins propagating along the length of the channel with the ambient fluid racing in the opposite direction. A characteristic head develops at the leading edge of the current followed by a distinct tail as the current travels downstream (Kneller and Buckee 2000) . After the initial transience, the current enters the slumping phase during which the head advances with near constant velocity. Numerical studies by Härtel et al (2000) , Necker et al (2005) , Cantero et al (2007) , Hallez and Magnudet (2008) , Ooi et al (2007 Ooi et al ( , 2009 , and Ottolenghi et al (2016a) have exhaustively delved the physics of dense currents over smooth horizontal surfaces. In the slumping phase, strong 2D Kelvin-Helmholtz (K-H) shear instabilities develop at the interface between the current and the ambiance due to strong velocity and density gradients, e.g. Kneller et al (1999) , and Shin et al (2004) . It should be noted that just after the release of the lock, the current goes through a short transient acceleration phase before it reaches the slumping phase. Beghin et al (1981) experiments on L-E flows over sloping surfaces demonstrated that dense currents, that are homogeneous along the span, and therefore, strongly two-dimensional in character, reach maximum velocity via an acceleration phase that is then followed by a gentle deceleration phase. It must me noted that span-wise inhomogeneity introduces a three-dimensional character to the density current, in that scenario Zghieb et al (2016) , and Zhu et al (2017) found the existence of secondary acceleration phase that exercises significant influence on the subsequent phases. Based on their experiments, Fluid Dyn. Res. 50 (2018) 025506 M Nayamatullah et al Beghin et al (1981) postulated that head of the current contained constant buoyancy. Highresolution 3D Large-eddy simulation of Bhaganagar (2017) confirmed head region of the density current acts as an engine of the density current that mixes the ambient fluid. The buoyancy in the head, is conserved, where in, it was assumed that head adopts the shape of an elliptical cylinder. Birman et al (2007) via high-resolution simulations demonstrated that sloping L-E flows, after an initial transient phase, are characterized by a slumping phase characterized by constant front velocity. This front velocity increases with slope angles with a maximum at slope angle ∼40°. The flow subsequently undergoes a transition to a second phase, with augmented unsteadiness in front velocity. Maxworthy and Nokes (2007) conducted experiments of L-E release over slope for case when length of lock is longer than the height and demonstrated that head of current contains only fraction of buoyancy of the heavy fluid (35%-44%) for lock aspect-ratios = H L 1 and 0.58 respectively), and the lock-fluid from the tail continues to feed the head resulting in increasing buoyancy in the head until maximum front velocity is attained. Dai (2013) obtained head of the current which contains 78% of total released buoyancy in deceleration phase for 2°-9°slope. Recently, Dai (2015) demonstrated that fraction of buoyancy in head depends on threshold value selected to identify the interface and also on the slope angle, where the fraction varied from 50% to 100% the end of acceleration phase for slope angles varying from 0°to 90°and lock aspect ratio of 1.25. Steenhauer et al (2017) have discussed the influence of slope on the buoyancy within the head. For slopes greater than 30°, they observed that the current reaches a regime where the total buoyancy of the head is close to a constant that is, in turn, the function of slope angle θ. Hallworth et al (1996) investigated the mixing characteristics both theoretically and experimentally by allowing an alkaline current to go into an acidic ambient in a L-E framework and showed that the current's head remained relatively undiluted and the entrainment or dilution rate at the head was essentially constant in the slumping phase when the currents travel with constant velocity under a balance of buoyancy forcing. These results conflict to some extent with Hacker et al (1996) results, where they conducted a series of experiments to measure the mixing in L-E density currents and interestingly observed that mixing in a current's head occurred almost immediately after the lock release. Later on, Huppert (2006) and Fragoso et al (2013) explained the contradictory observations of mixing at the head due to the different methodologies and mechanisms of estimating mixing used in these experimental studies. Nonetheless, they reported that the considerations of mixing at the head and the diffuse wake behind the leading edge could indicate different physical interpretations in the dynamics of currents. For example : Nogueira et al (2014) , Ottolenghi et al (2016a Ottolenghi et al ( , 2016b found considerable mixing to be occurring within the head even during slumping phase. Whereas Cenedese and Adduce (2008), Sher and Woods (2015) , and Ottolenghi et al (2017b) estimated entrainment by considering dense currents overall, not just in the current's head. Thus, mixing in L-E flows does occurs throughout the current near. However, it is still an open question as to how contributions from the head and rest of the body compare during the slumping phase?
Turbulence plays an important role in mixing within the current. Turbulence kinetic energy (TKE) is generated from buoyancy production and shear production. TKE production mechanisms provide fundamental insights into the mixing process. It has been accepted that mixing occurs at the interface through 2D K-H instabilities (Simpson 1972 (Simpson , 1982 . Recently, Ottolenghi et al (2017a) , for L-E flows advancing up a slope, found strong turbulence in the neighborhood of K-H rolls which subsided with time while getting confined to the head region. This behavior is attributed to the K-H rolls losing their two-dimensional coherence to span-wise instabilities in the flow. However, it is intriguing to probe if similar shift (to the head region) in the location of the principal turbulence prevails in the absence of span-wise inhomogeneity.
Overflows with continuous supply of buoyancy flux, on the other hand, are observed to lack the slumping phase and sustain entrainment throughout the body. Simpson and Britter (1979) demonstrated intense mixing occurs in the head region due to shear instabilities. The experiments of Britter and Linden (1980) demonstrated mixing at the front increases with slope. Large-eddy-simulations (LES) of Tokyay and Garcia (2014) reinforced that the front speed is proportional to cube root of the buoyancy flux ¢ ( ) / g Q , 1 3 where Q is the incoming flux per unit time, for dense currents over slopes and it depends on the Reynolds number. Nevertheless, for the same Reynolds number, a comparison between the mixing in the continuous buoyancy flux case and the L-E flows requires investigation.
In light of recent works, we attempt to address the following questions-In L-E flows, is buoyancy in the head conserved within 2D framework? Does mixing occur near the head of the current or throughout the current? What are the dynamic parameters that dictate these mixing processes? and What are primary turbulence production mechanisms? The goal of this paper is to understand the turbulent mixing processes in dense currents by understanding the flow structures of the currents and to categorize the mixing processes based on physics for both continuous release currents (constant flux currents) and L-E currents. Further, the differences in the flow structure between L-E release and dense overflows are still ambiguous. In particular, very little work has been done on understanding the differences in turbulent mixing processes between the finite release and continuous release of dense fluid over sloping bottoms. The study of mixing is closely tied to understanding the TKE production, transport, and dissipation processes.
The objective of the study is twofold: to use 2D high resolution simulations (1) to revisit Beghin et al (1981) theory and to examine differences in mixing characteristics in the head versus the rest of the current for L-E flows, and to understand the flow structures and turbulence generation mechanisms; (2) to understand the differences in flow structures between L-E and constant flux generated dense currents from a mixing perspective. To achieve the objectives, we investigate the influence of the (a) lock aspect-ratio, (b) slope or angle of inclination for sloping cases, and (c) Reynolds number. The flow metrics are analyzed in terms of 2D instabilities, buoyancy at the head and in the dense current overall, and turbulence energetics (i.e. TKE production from shear and buoyancy, and mean shear and TKE). We focus on understanding the differences in a 2D system, as the primary instabilities that lead to mixing in dense currents are 2D in nature. The lessons learned from this analysis will guide us to explore a 3D system. An in-house LES solver has been assembled to simulate L-E and constant flux cases with varying flow properties and model domain configurations. The paper is organized as follows: the details of the LES formulation, solver validation, and solver verification are presented in section 2. L-E release flows are discussed in section 3 and constant flux currents are discussed in section 4. The conclusions are presented in section 5.
Methodology

Large eddy simulation (LES)
A finite-volume based LES using a dynamic Smagorinsky model was implemented on an Open-foam platform to simulate turbulent flow over 2D dimensional sloping channel geometry. The 2D Navier-Stokes equations are solved using the Boussinesq approximation (i.e., relative density variations were assumed to be small throughout the flow field), the conservation of mass, constant density filtered Navier-Stokes equations, and the scalar transport equation for density are expressed as follows, where, p and ρ are the resolved or mean kinematic pressure and resolved density, respectively. The density of the ambient fluid is ρ a . The gravitational acceleration vector
cos where θ is measured with respect to the horizontal plane. n eff and k eff are effective kinematic viscosity and effective turbulence diffusivity, respectively. The nondimensional Schmidt number, Sc, is the ratio of molecular viscosity (ν) to molecular diffusivity (κ), whereas the turbulent Schmidt number, Sc t , describes the ratio between the rates of the turbulent transport of momentum and the turbulent transport of mass. It has been observed, among others, in studies by Härtel et al (2000) , Necker et al (2005) , Cantero et al (2007) , and Ooi et al (2009) that numerical simulations of density currents are innocuous to the values of Schmidt number as long as it is of order one. Therefore, for this study, Sc has been chosen to be unity. No assumptions are made on the value of sub-grid scale turbulent viscosity n , sgs as the dynamic procedure of the Smagorinsky turbulence model used in this study directly estimates the value of n sgs and, by extension, the turbulent Schmidt number Sc . t Dimensionless density r ( ), which ranges from 0 to 1, and reduced gravity ¢ g is specified as: is used as the velocity scale. An additional length scale is available in the form of front height ( ) h f which is maximum thickness of the current within one locklength from the nose (in the stream-wise direction). Therefore, the time scale is = t H U .
b
The instantaneous Reynolds number (Re) is based on front velocity ( ) U f and front height ( ) h , f and the Froude number (Fr) is defined as:
where n is the kinematic viscosity of the fluid. Definitions of Re and Fr are based on the theory of Ellison and Turner (1959) . Cenedese and Adduce (2008) have used identical definitions in their experimental investigation involving sloping L-E apparatus. Evaluated from instantaneous local quantities, these definitions conspicuously demarcate the slumping phase window by measuring near constant values throughout its duration. The governing equations are solved in the conservative form of the Navier-Stokes equations on non-uniform Cartesian meshes. Our in-house developed LES solver predicts the velocity and density at each time step and then pressure and velocity are corrected using an implicit momentum predictor followed by a series of pressure solutions and explicit velocity corrections. The loop is repeated until a predetermined tolerance (10 −6 ) is achieved (Jasak 1996 An iterative preconditioned (bi-) conjugate gradient method is used to solve the resultant set of algebraic equations with a tolerance of 10 −8 . The solution convergence time is accelerated by preconditioning the matrix using a diagonal incomplete Cholesky for symmetric matrices and a diagonal incomplete LU decomposition for asymmetric matrices, which also ascertains a low condition number for the resulting matrix. For temporal discretization, a backward Euler scheme, a second order, bounded and implicit scheme is used, and the convective terms in the momentum and transport equations are discretized using a second order, bounded semi filter centering difference. The Gauss scheme with linear interpolation is employed for diffusive terms (Laplacian) in the momentum equation. Although backward differencing introduces a temporal error into the solution, the use of a small Courant number (0.35) keeps the time step very small, which consequently bounds the temporal diffusion error to a very minimum level with an overwhelmingly low cost of computational effort compared to the Crank-Nicolson scheme (De Villiers 2006). For lock exchange cases, at the bottom wall, no-slip boundary conditions (BCs) for the velocity and zero flux of the density field are assigned. A zero normal gradient for the velocity and density fields is employed for the top free surface, inlet, and outlet. The flow field is initialized with zero velocity throughout the domain. The pressure BC for all the boundaries is defined in such a way that it adjusts the pressure gradient in accordance with the flux of the respective velocity BCs (see table 1 ). For constant flux cases, a fixed value of the inflow velocity at the inlet is such that if the velocity vector at the outlet faces points out of the domain, the BC would be zero normal gradient (Neumann BC), and if the velocity vectors point into the domain, then a Dirichlet BC with zero velocity would be specified at the outlet to avoid backflow at the outlet, which might contaminate the simulation results. The time step is estimated dynamically to maintain the Courant number of 0.25. The serial code was parallelized using message-passing-interface method based on the domain (scotch) decomposition technique. The 2D simulations are performed on maximum 128 processors and required 5-10 CPU hours (approximately) for each run.
Solver validation
A grid independence and convergence analysis was done for 2D L-E cases with a flat bottom by varying the grid spacing in the stream-wise and vertical direction (see table 2 ). The total number of grid points in the domain varied from 480 000 to 1920 000 with an adjustable time step to maintain the maximum Courant number as 0.25. With the grid refinement, the truncation error due to spatial resolution in the solutions was expected to recede and consequently the solutions converged. The flow structures, entrainment parameter, and mixing efficiency were evaluated. To capture the wall effects, the grid spacing in the wall units (y + ) was such that y + <2 for all cases. dx varied from 5×10 −4 to 1×10 −3 and dy varied from . Re changed by 1% and Fr changed by 0.9%, suggesting that the grid spacing used for the simulations was within an acceptable range for the purpose of analysis.
2.2.1. Validation with two-dimensional studies. Next, tests were conducted to validate that the 3D solver was capturing accurate physics. The results were validated using Härtel et al (2000) direct numerical study (DNS) study with Re=710 (based on front height and front velocity) and the lock position was placed at the middle of the domain. The physical domain had the elevation H and length 15H, and no-slip BCs were employed on the top and bottom surfaces. A close agreement was obtained with Härtel et al (2000) DNS study. Figure 1 shows the spread of density current at different time instants (i.e., t/t 0 =5, 10, 15, 20). A good match was obtained for the flow structure and the front locations of the current, shape, position, and number of 2D K-H billows. The front velocity was estimated and consequently the Froude number (Fr) was found to be 0.58, which is practically identical to the value obtained by Härtel et al (2000) . A comparison of front location (x f ) for the density currents with time is shown in the figure 2. It is clearly shown that the evolution of front locations with time for our case closely matched with DNS results. The front location for selected simulation times are shown in 
figure 3 in terms of span-wall-normal averaged density that is used to estimate the front speed (U f ). In current study the front speed is measured as 0.59 which is very close to 0.60 for DNS study.
At the Re=4000, Froude number (Fr) has been estimated 0.59 using the definition in equation (5) which is a close match with the DNS studies of Bhaganagar (2012) as well Härtel et al (2000) . They obtained Fr for smooth wall as 0.6 and 0.61 respectively. The front location of the density current with time in our simulation has an excellent agreement with Bhaganagar (2012) .
Next, validation was performed to compare with LES study conducted by Tokyay and Garcia (2014) , who have in turn validated their numerical results with the laboratory experiments of Sequeiros et al (2010) . Adopting three cases (TC-1, TC-2, and TC-3) from by Tokyay and Garcia's (2014) numerical study, we simulated the constant flux density currents using the same domain configurations and parameters. The estimations of the front locations of our simulations were in good agreement with their numerical results, as shown in table 3. Figure 1 . Iso-contours of the density field ranging from 10% (outermost) to 100% (innermost) threshold of the heavy fluid at Re=700. The iso-contours from the present LES study show congruence with figure 3(a) of Härtel et al (2000) . In the literature, it has been shown that the front velocity (U f ) of density currents is proportional to the cube root of buoyancy flux ¢ ( ) / g Q 1 3 and, in slumping phase, their ratio i.e. ¢ ( ) / U g Q f 1 3 is observed to be 1.5±0.2 (Britter and Linden 1980) .
Analysis of L-E flows
A total of 15 L-E simulations were conducted. The influence of reduced gravity (g′), slope (θ), and lock size was investigated. Table 4 lists their different values considered for this study. Of these 15 cases, eight were performed in a domain of L x =2.4 m and height H=0.2 m with a lock of length 0.6 m. To investigate the effect of lock length on the current, four additional simulations were performed with a lock length of L=0.5, 1, 2, and 3 m. For these cases, the domain was changed to L x =6.2 m and H=0.15 m. The reduced gravity was varied in the range of g′=0.0025-0.45 m s −2 . The slope was varied from 0°to 20°. Initially, the flow is at rest. Figure 4 illustrates the generic schematic of the Lock-Exchange apparatus. After the removal of the lock gate, the current moves horizontally, entraining the lighter ambient fluid into the body of the current and diluting the current. In subsequent sections, we will examine the factors that influence the motion of the current. We will analyze the L-E currents by varying the following: (a) the aspect ratio of the lock (ratio of lock length to lock height), (b) reduced gravity g′, and (c) the slope of the bottom surface. The length scales are the lock length L or lock height H and the velocity scale is the buoyancy velocity
The aspect ratio of the lock is H/L. (g′Q) In this section, we discuss the low aspect ratio (h 0 /l 0 ) LELA flat bottom LAR L-E case with a lock aspect ratio of 0.33 and Re≈5293 as seen in table 3. It must be noted that the characteristics recorded table 3, unless specified otherwise, are recorded during slumping phase. Therefore, they remain nearly constant irrespective of the front location. Instantaneous 2D density contours in the x-y plane at two time instances are presented for the LAR L-E case in figure 5 . At an earlier time of the slumping phase (t/t 0 =5), several smooth K-H billows are observed throughout the shear interface of the dense current, reaching a saturation amplitude. The density current is led by a characteristic head rising up to 0.5H. As the current travels further downstream, at t/t 0 =10, and t/t 0 =16, the head continues to retain its shape. However, intense mixing due to strong K-H billows and instabilities in the interface is observed while the reflected backflow propagates away from the end-wall, which keeps feeding the tail resulting in significant mixing in the tail region. The intense instabilities in the shear interface may occur due to the restriction of span-wise spreading in 2D simulation.
The instantaneous stream-wise (U x ) and vertical (U y ) velocity components are presented for two time instances during the slumping phase ( figure 6(b) ). A distinct interface with zero stream-wise velocity is observed as the current advances downstream at constant velocity and the ambient fluid advects with the overlying counter-flow. It can be clearly seen that a portion of the current (x/H≈4), is traveling faster than its nose, referred to as the bore, this region were first identified by Rottman and Simpson (1983) . During the slumping phase, the bore advances toward the leading edge and eventually overtakes the front at a 7-10 lock length distance from the lock gate (also known as the slumping point) to depart from the slumping phase (Rottman and Simpson 1983) . The bore with the original density propagates toward the front with a maximum speed of 1.85±0.1 times the current's front speed, which is comparable with Sher and Woods (2015) experimental study, where they obtained a bore velocity of 1.35±0.05. The disparity in the bore velocity is likely due to the 2D nature of our simulations. The intense instabilities in the interface can also be seen in the U x contour plots of figure 6(b) .
The vertical velocity structures provide insights for a better understanding of the mixing in the stratified flow condition as the ambient fluid entrains vertically into the current through the interface, referred to as the entrainment velocity. The negative vertical velocity (the blue color in figures 7(a) and (b)), which represents the entrainment velocity, is the measure of mixing in the interface. The snapshots of the vertical velocity contour at different time instances reveal that the dense current advances with a positive vertical velocity at the nose while a negative vertical velocity is observed behind the nose as well as throughout the interface of the current. The constant feeding of the dense fluid at the tail and body regions contributes to enhanced local mixing which can be observed in the form strong negative vertical velocity structures near the tail region, which is also evident in the density contours ( figure 5(b) ) of the current through the interface. Furthermore, the L-E setting induces strong reverse flow in the ambient fluid above the shear interface which substantially contributes towards mixing in the tail region.
The span-wise vortices (ω z ) contour plots are shown in figures 8(a) and (b), where the smooth rolled up vortices are observed in the early stage of the slumping phase, and the vortex shedding that originated at the head continued to stretch horizontally and vertically further upstream of the current's nose, causing intense mixing later on in the slumping phase. head head where A head represents area of the head, scaled with respect to the initial reduced gravity ¢ ( ) g ; and the initial buoyancy in the lock of height H and length L. To define the head of the gravity current, the 10% density threshold contour line was identified and then a horizontal line (dotted line in figure 9 ) was drawn at distance of h 0.5 f distance from bottom surface. The location at which this horizontal line first met with the 10% density threshold contour identified as the end of the head of the density current. The length Reduced gravity at the head and for the entire current are plotted in figure 10 (a); these terms are plotted against non-dimensional time in the slumping phase for the LELA case. In figure 7 (b), fraction of the buoyancy carried by the head is plotted as function of aspect ratio for all cases in table 3. The head of the current carries a fraction of the original dense fluid that undergoes rapid mixing within = t t 4 0 and the buoyancy in the head reaches a steady state value of around 20%-60% for lock aspect-ratios less than 1 (see figure 7(b)), and with no further dilution as the current propagates till the end of the slumping phase. Since only a fraction of the dense fluid from the lock goes to the current's head, leaving a significant amount of dense fluid in the tail. The constant value of front height = h 0.45 f is an excellent match with previous experimental (Marino et al 2005) and numerical studies (Cantero et al 2007) . Even though the head retains its shape with no local mixing, strong mixing was observed when we looked at the g′ over the entire length of the current. As g′ starts to decrease monotonically, this suggests continuous mixing and dilution as the current propagates. Dense currents over sloping surfaces at 5°, 10°and 20°demonstrate a similar trend, where head reaches an equilibrium state, with no further dilution throughout the slumping phase. Further discussion on the effect of slope on mixing will be deferred to section 3.2.
Our analysis clearly confirms Beghin et al's (1981) theory that although mixing at the current's head is relatively unchanged, the overall mixing in the dense current is a continuous process during the slumping phase of a low-aspect ratio L-E density current. Therefore, analysis that is focused on the current's head might be useful for predicting the flow properties of a dense current, but the investigation of flow structures behind a current's head, body, and tail would best describe the mixing and subsequently, the complete dynamics of flow evolution during the slumping phase. 
1. P s =TKE production from shear 2. P B =TKE production from buoyancy 3. ä=TKE dissipation 4. D=vertical turbulent transport of TKE.
Turbulence production is a contribution from buoyancy-and shear-driven production. In the turbulence mixing process, energy is extracted from the mean flow through the buoyancy flux and shear stress and transferred to turbulence mixing. Turbulence at the interface causes the ambient fluid to entrain into the dense current and dilute it. TKE is dissipated at the molecular scales. The transport of TKE is a mechanism to redistribute TKE. An analysis will be performed on TKE production and the partition of production between the buoyancy and shear production. Finally, we will discuss the relationship of TKE and TKE production to the mixing in the current.
The time-averaged mean shear, TKE, TKE shear production, and TKE buoyancy productions are shown in figures 11(a)-(d), respectively. Shear from mean velocity ¶ ¶ ( ) U y is the primary source of shear-generated turbulence in a stratified density current system, which Figure 11 . Energetics in LAR lock-exchange case (LELA) in time-independent reference frame (a) mean shear (b) TKE production from shear, (c) TKE production from buoyancy, (d) TKE for horizontal bottom. contributes to mixing in the interface region. For a LAR L-E system, we observe negative mean shear along the interface region. The shear attains minimum value near the current's head and maximum near the bottom wall due to the no-slip BC (figure 8). The TKE production due to shear P s and due to buoyancy P B are dominant behind the head, maximum around the head, and gradually decreases away from the head. However, due to the transport of energy by shear stress and buoyancy flux, we observe strong mixing far upstream of the current's head, also as observed in the 2D density and vorticity contours in the LAR L-E density current system. Although mean shear, TKE shear, and buoyancy production occur at the interface, maximum TKE is generated near the bottom wall due to the transport of TKE by Reynolds stress, which is in good accordance with Kneller et al (1999) .
In conclusion, when the lock length is larger than the lock height, the head of the current carries only a smaller fraction of the original buoyancy in the lock, undergoes mixing very quickly after the lock release, and does not undergo further dilution, because dense fluid is constantly supplied by the body of the current. Mixing happens throughout the length of the current. TKE production due to shear at the interface and also buoyancy production (the density gradient between the fluid in the current and the ambiance) occurs in head and body of the current. Both shear and buoyancy productions contribute equally to TKE production. Although the TKE production is dominant near the interface, its vertical transport via Reynolds stresses boosts the turbulence within the density current which, in turn, contributes to mixing.
High aspect ratio (HAR) L-E flows
3.1.2.1. Analysis of flow structures. A high lock aspect-ratio L-E case is considered in this section. The case corresponds to LEHA with an aspect ratio of 1.5 in table 3, where lock height is higher than the lock length. As we are comparing the flow structures between LAR and HAR L-E cases with similar Re, the lock length is varied to have a high aspect ratio lock, keeping lock height constant. It should be noted that when the current's front exceeds the position of x/H≈4.5, the current's flow departs from the slumping phase. Similar lengths of density currents (in slumping phase) have been observed in the numerical studies reported by Ooi et al (2007) and the experiments conducted by Hacker et al (1996) on lock exchange flows resulting in cases of high lock aspect ratio. Similar to LAR analysis, 2D density contour plots are shown in figure 12 and the corresponding instantaneous stream-wise velocity (U x ) and vertical velocity (U y ) are illustrated in figures 13 and 14, respectively. A smooth roll up or K-H billows behind the current's head starts to form very early in the flow evolution and continues to be seen at the interface in the slumping phase. A thin tail is observed at a later time of the slumping phase, which is not present in LAR cases. Span-wise vortices (ω Z ) contour plots in the x-y plane (figures 15(a) and (b)) also show smooth rolled up vortices without any activity at the tail; the instabilities are mainly behind the head in the slumping phase. Similar to LAR cases, a distinct interface with zero stream-wise velocity is observed in the interface. The instabilities in the interface are also seen in the U x contour plots of figure 10(b) . The snapshot of the vertical velocity contours at different time instances show similar flow structures as the LAR cases embedded just near the head. The tail is nearly nonexistent in HAR cases. Consequently, the supply of heavy fluid, from the tail to the head, sharply plummets within a short timespan post lock release. Therefore, the tail region is characterized by insignificant vertical velocity ( figure 14(b) ). Figure 16 shows the temporal variation in reduced gravity within the head ¢ ( ) g , head and in the density current ¢ ( ) g .
Analysis of buoyancy parameters.
dense current
Moreover, the corresponding variations in the front-height ( ) h f as well as the mean buoyancy within the head are also plotted. Distinct differences in the buoyancy of the fluid in the head are evident between the LAR and HAR L-E cases. As the lock is released, the head of the current carries a significant larger fraction of the original dense fluid in the lock and as it propagates downstream, the dense fluid continues to dilute due to mixing. This fraction of the buoyancy in head is 70%-80% for lock aspect ratios of greater than 1 (see figure 7(b) ). As the current propagates, the head region is continuously diluted. This is mainly due to the fact that in the HAR case, once the lock is removed to spread the dense fluid, a significant amount of dense fluid appears in the current's head and there is little dense fluid left in the tail region to feed the current's head as it moves downstream. Since no fluid behind the head continues to feed the current's head and the ambient fluid entrains into the current head, dilution is observed at the current's head and quantitatively decreases the reduced gravity in the leading edge. Most of the mixing happens near the head region. The g′ of the overall dense current exceeds the g′ at the head during an earlier time (t/t 0 =3.5) in the HAR cases than in the LAR cases (t/t 0 =12), indicating that overall mixing in the dense current compared to mixing at the head is quantitatively higher for HAR cases than LAR cases. Therefore, significant differences in the flow physics and mixing patterns are seen in the slumping phase of LAR and HAR L-E cases.
3.1.2.3. Analysis of turbulence processes and TKE. Next, we investigate the TKE production mechanisms and TKE energetics in a HAR L-E horizontal case. The time-averaged shear, TKE, shear production of TKE, and buoyancy production of TKE are shown in figure 17 . Unlike the LAR cases, high shear occurs near the head and high TKE production due to shear occurs near the head region. In fact, beyond two lock heights there is hardly any TKE production from either shear or buoyancy. With the advancement of the current's flow, no reflected dense flow feeds the tail behind the head, resulting in a smooth tail without any instabilities or intense activities.
In summary, for HAR L-E currents, the head carries a substantial fraction of the buoyancy of the original dense current, resulting in the mixing and high dilution of the original dense fluid. Not much dense fluid is left in the body of the current. TKE production due to shear and buoyancy is dominant only in the head region. Our analysis has revealed that for the same height of the lock (which is the same initial potential energy), the aspect ratio of the lock dictates the dynamics near the head region. The 2D LES substantiate the theory that fraction of the buoyancy of the original dense fluid in the lock carried by the head is 20%-60% when the length of the lock is larger than the lock height and it is 70%-80% when the lock height is higher than the lock length. Further, the TKE production mechanisms are also influenced by the lock aspect ratio.
Effect of slope (θ) on LAR L-E cases
Next, we discuss the effect of the slope on flow dynamics. To demonstrate the slope's effect on flow evolution and corresponding flow structures, four LAR L-E cases are analyzed for slope varying from 0°to 20°, with other parameters assumed to be constant, corresponding to LELA, LEHA LES5, LES10, and LES20 in table 3. Significant differences in the flow properties and structures are observed with increasing slope. Froude's number (nondimensional front velocity (U F /U b )) plotted against non-dimensional time for different sloping LAR L-E cases is shown in figure 18 . Figure 19 shows density contour plots where the current's front is at x/H≈7 for all cases. The 2D K-H roll ups are generated behind the current's head for all sloping cases; however, those roll up structures break down into complex structures as the slope increases. With the increasing value of slope, more dense fluid feeds the current's head from behind, causing the current's head to advance faster and with elevated height. The front height increases from 0.5H for a horizontal case to 0.6H for a 20°s loping case. Intense mixing occurs in the body of the current in higher sloping cases. The vigorous activities in the body cause the flow structures to stretch both horizontally and vertically as the bottom slope increases.
To address the question of whether the difference in flow structures is related to the instabilities, we analyze the shear at different locations of the current: x=1H, 2H, 3H, and 4H. Figure 20 shows the profiles of shear for slope=0°, 5°, 10°, and 20°at specific front locations. Near the wall, there is high shear, which causes the shear generation of TKE. However, the contour plots of stream-wise velocity, do suggest that local instances of high negative shear undeniably appear near the bottom wall. For particle-driven flows such instances result in local hikes in the deposits. At the interface, shear reversal noticeable occurs with regions of negative shear just above the interface. With an increasing slope, the depth of the shear layer (the region of high shear) increases indicating higher shear production of TKE for sloped cases. As slope increases, the depth at which shear reversal occurs is pushed higher. As slope increases beyond 10°, regions of shear reversal occur multiple times within Figure 18 . Non-dimensional front velocity plotted against non-dimensional time for sloping case. The Froude's number at inlet (based on height of inlet) is 0.87 for all cases.
Fluid Dyn. Res. 50 (2018) 025506 M Nayamatullah et al the shear, indicating instabilities and resulting in pockets of negative and positive sheargenerated TKE production. Next, we investigate TKE production and TKE for sloping cases. Increasing slope increases the wall-shear and shear at the interface. Increasing shear contributes to increased shear production. Regions of high TKE shear production at the interface appear with increasing slope. To summarize, dense currents over a slope after initial transience, goes through an acceleration phase. Depth of the shear layer increases with increasing slope resulting in extended region of TKE shear production. Slope enhances TKE mainly due to increased TKE buoyancy production. Increasing slope mainly enhances the shear instabilities with presence of shear-reversals within the current for higher slopes. Increased mixing with increasing slope is mainly due to enhanced shear-instabilities within the current.
The results obtained in sections 3.1 and 3.2 compare qualitatively with those obtained by Ottolenghi et al (2016a Ottolenghi et al ( , 2016b Ottolenghi et al ( , 2017a . A one-to-one comparison cannot be made on account of disparate definitions of Re used as well as the orientation of the slope. Nevertheless, the relationship between Reynolds number and Entrainment followed by the consequential mixing established beyond any doubt.
Effect of reynolds number (Re) on LAR L-E cases
In buoyancy-driven flows, Reynolds number (Re) is one of the key parameters that contributes to the buoyant force that, in turn, drives the current. Therefore, Re affects the dynamics of flow evolution and mixing behavior in the density current. To demonstrate the dependency of Re on mixing, we varied g′ from 0.0025 to 0.45 m s −2 , which corresponds to Re in the range of 950-12 000. As g′ increases, the buoyant force increases and the current advances with higher speed, subsequently, the local Re increases. The flow structures are visualized in density contour for all four cases in figure 21 . Differences in the flow structures exist between the low (≈950, 3000) and high Re (≈8500, 12 000) cases.
For the Re≈950, a smooth current interface exists near the head. However, with rising Re, the K-H rolls begin to appear in vicinity of the head. In high Re cases (Re≈8500, 12 000), with passage of time, these rolls dilate as convect towards the lock signaling an intense shear interface. It is observed, from flow structures, that the overall mixing in low Re (≈950) cases is considerably lower compared to that of other high Re cases. Conversely, observing the mixing for only the head region, like Hallworth et al (1996) , we see comparable head dilution both qualitatively and quantitatively for all cases, which substantiates the observation of Hallworth et al (1996) . Nonetheless, Cenedese and Adduce (2008) showed that the overall mixing (not merely in the head) dependency on Re for density-driven currents advancing on a sloping beds. In essence, considering the mixing in the overall current, our results, visualized from 2D density contours, indicate the mixing dependency on Re, and thus reinforcing the findings of (Cenedese and Adduce 2008). Figure 22 illustrates the schematic of the simulation domain used for constant flux cases. As the dense fluid enters the domain through an orifice, horizontally moving density current forms that entrain the lighter ambient fluid into the current. The length scale is adopted as orifice height (h 0 ) instead of channel height (H) for constant flux cases. In the following sections, we examine the factors that influence the motion of the current.
Flow properties and flow structures
Significantly less work has been conducted on the turbulence flow structures and mechanisms of TKE production in constant flux or continuous release gravity currents. In this section, we present the results of analysis of the flow properties and flow structures for a horizontal dense overflow density current corresponding to the case-CFH (table 5) . Similar to a L-E case, reduced gravity at the head ¢ ( ) g head and overall dense current, front height ( ) h , f and buoyancy shows that the reduced gravity in the current's head reduces drastically after the initial transition period, which is unlike in a LAR L-E case, thus indicating high mixing in the head region. Also shown in figure 23(a) is the reduced gravity calculated over the entire current at each instance of time. It should be noted that buoyancy in the domain increases with time, due to the continuous addition of dense fluid. Reduced gravity at head decreases with increasing slope as seen in figure 23(b) due to increased mixing and dilution at the head. Constant feeding of dense fluid from the inlet source also dictates the behavior of the current's head advancement downstream. This characteristic in dense overflow is quite different than in a L-E case and thus, flow structures and mixing behavior would apparently be different than that of a L-E case.
2D K-H instabilities have been predominantly analyzed and illustrated by studies on constant volume (L-E) type density currents (Härtel et al 2000 , Cantero et al 2008 , Ozgokmen et al 2004 , whereas very few studies have reported observations of the dynamics of flow structures on constant flux density current systems. Instantaneous density contours in the x-y plane at different time instances are presented for constant flux cases with a Re∼5000 in figure 24 . At an earlier time of flow evolution, several K-H billows are formed behind the head of the current only, while turbulent eddies and instabilities resulting in mixing are evident both in head and body of the current. With the advancement of time, the current spreads further downstream and instabilities are enhanced within the current's body, and the head continues to be diluted, containing more mixed fluid with an elevated front height, unlike the L-E density current. In L-E current, dense fluid is present behind the head throughout the slumping phase. These observations are also supported by the flow structures seen in the vorticity plots in figure 25 . From a visual inspection of the contour plots of the figure 25 , strong turbulence activity exist predominantly behind the head that causes more light fluid to be entrained into the dense current and resulting in the front to keep growing with time. The vorticity (ω z ) structures for all the time instances clearly indicate the presence of enhanced and more energetic turbulence structures with increased turbulence activity in the constant flux case compared to the L-E case. Due to the above facts, enhanced mixing is present for constant flux cases compared to L-E cases within a similar range of Re. The dependence on Reynolds number also (Steenhauer et al 2017) suggests an increase mere rise in front velocity does not ensure augmented entrainment. On the other hand, Figure 24 . 2D density contour (a) at t/t 0 =10, (b) at t/t 0 =20, (c) at t/t 0 =30. Figure 25 . Span-wise vorticity contours (ω Z ) in constant flux case (a) at t/t 0 =10, (b) at t/t 0 =20, (c) at t/t 0 =30. density currents possessing greater kinetic energy carry higher potential of entrainment. The instantaneous streamwise velocity (U x ) and vertical velocity (U y ) components are presented in figures 26 and 27 respectively as the current develops in time. The dense current advances at constant velocity with the conspicuous overlying reverse flow of the ambient fluid. The current rises to a height less than 0.5H which diffuses the potential difference resulting in a weaker reverse flow. Presence of outflow boundary further contributes to this end. The vertical velocity indicates the entrainment of the ambient fluid vertically into the dense current through the shear interface. Strong pockets of vertical velocity entering the current are present in the head region of the current, unlike in a L-E system.
Analysis of turbulence processes and TKE for a constant flux case
Next, we analyze the turbulence production mechanisms. Figure 28 shows the mean shear, Reynolds shear stress, and buoyancy flux. Regions of negative mean shear occurs near the head and at the interface, while positive mean shear occurs near the wall due to the no-slip BC. The TKE production from shear (P s ) and buoyancy (P B ) is dominant just behind the current's head and gradually diminishes away from the current's head further upstream. In all cases, the density contour captures the interfaces and the activities appear within this interface. However, the maximum TKE is apparently observed at y/H=0.1, which is an excellent match with the experimental studies of Kneller et al (1999) and the L-E case discussed above.
In summary, for constant flux density currents, head of the current carries dense fluid and undergoes mixing and is diluted due to entrainment of the ambient fluid. Increasing slope enhances the mixing at the head due to enhanced TKE shear and buoyancy production, which occurs mainly at the head of the current. Strong 2D K-H instability develops at the shear interface throughout current. 
Conclusion
2D LES was conducted to understand the flow structures and turbulence processes involved in the mixing of both instantaneous release and continuous dense currents over sloping smooth surfaces. We investigated the influence of lock aspect ratio, Reynolds number and slope on the flow structures and mixing process for lock exchange flows. LAR and HAR cases simulations have been conducted with lock aspect ratios varying between 0.025 and 3. Flow Reynolds number has been fixed (∼5000). During the slumping phase of dense currents over horizontal surfaces, lock aspect-ratio influences the buoyancy carried by the head, and thus alters the mixing processes. The fraction of original buoyancy in the lock carried by the head varied from 20% to 80% with increasing lock aspect ratios. When the lock-length is more than the lock-height, the head of the current carries only a fraction of the original buoyancy in the lock, undergoes mixing very quickly after the lock release, and does not undergo further dilution, because dense fluid is constantly supplied by the body of the current until the end of the slumping phase. For the HAR, current head carries a higher fraction of the buoyancy than LAR, and the dense fluid in the head is diluted by the end of slumping phase. Mixing occurs mainly near the head region for HAR, whereas it mixing is also strong in tail region of the current. The difference in mixing between LAR and HAR is dictated by TKE shear and buoyancy production, which occurs both in the head and tail of the current for LAR, whereas TKE production occurs mainly near the head for HAR. Reynolds stresses transport TKE from the interface to within the current. In a LAR case, the flow structures and mixing regions are stretched from the leading edge to the current's tail, whereas in HAR the instabilities, mixing, and TKE production were observed to occur near the current's head up to two lock lengths.
Next, the effect of slope has been analyzed. For this purpose, we fixed the reduced gravity and lock aspect ratio and varied the slope. Lock exchange currents over slope, after an initial transience, experience a gentle rise in front velocity before they go through a viscous phase (not included in current set of results) which is marked by conspicuous drop in front velocity. The analysis has been restricted to acceleration phase. During the acceleration phase, increasing slope increases the fraction of buoyancy carried by the head. For lock aspect ratio of 0.33, the fraction of buoyancy carried by the head increases from 40% to 68% for slopes from 0°, 10°and 20°. Similar to horizontal lock exchange case, 2D K-H roll ups are generated behind the current's head for sloping cases; however, those roll up structures break down into complex structures as the slope increases. With the increasing value of slope, more dense fluid feeds the current's head from behind, causing the current's head to advance faster and with elevated height. E.g., the front height increases from 0.5H for a horizontal case to 0.6H for a 20°sloping case. Intense mixing occurs in the body of the current in higher sloping cases. The vigorous activities in the body cause the flow structures to stretch both horizontally and vertically as the bottom slope increases. The shear layer near the wall is enhanced with an increasing slope, resulting in higher TKE production due to shear. The structures are elongated, and regions of shear reversal appear when the slope exceeds 10°. Finally, we investigate the effect of Reynolds number on the flow structures. The analysis revealed that Re has a direct influence on the flow structures and overall mixing in density currents.
Significant differences exist between L-E release and constant flux release currents. In L-E currents, the fraction of the buoyancy in the head dictates TKE production, whereas in constant flux currents, though the head carries a significant fraction of the buoyancy at the initial time, due to the continuous generation of buoyancy in the system, the shear and density gradients generated near the head continuously cause TKE production. Unlike the HAR L-E currents, both mixing and TKE production occur only near the head, the continuous buoyancy input results in mixing in the entire length of the current. In continuous release currents, TKE generated from buoyancy is an order of magnitude higher than that generated from shear. This work is offered as a contribution to our knowledge of flow structures and turbulence mechanisms and the differences between L-E and constant flux density currents. Differences in the flow structures, TKE generation mechanisms, and buoyancy in the head versus the body of the current in L-E and constant flux dense currents clearly indicate that differences in mixing and entrainment between these two exist. The flow characteristics in terms of 2D instabilities, buoyancy at the current's head and in the dense current overall, and turbulence energetics (i.e. TKE production from shear and buoyancy, and mean shear and TKE) serve as valuable metrics to study density currents. The lessons learned from this analysis will guide us to explore a 3D system. The conducted 2D analysis is important because it reveals the differences in the fundamental instability mechanisms between the lock exchange and constant flux release density currents. Recently Bhaganagar and Pillalamarri (2017) have shown using 3D LES the wall-shear stress results in the primary mixing mechanism in L-E flows, and in future work, we will address the question of the role of wall-shear stress on mixing in constant flux release currents, and thus develop a unifying framework on mixing in density currents dictated by wall-shear stress.
